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ABSTRACT: Investigating on-site building performance in architectural science is increasing.  
However, the simplest forms of measurement often lack any analytical support other than presentation 
on a time-series plot.  
Here, we present instrumentation and analytical tools to assist in reporting building performance.  The 
intention is to explore formats for observing performance of buildings based on collected data.  
Sometimes data are presented directly, but more often, information is revealed by calculation.    
We introduce examples of tools pertaining to interior-exterior climatic comparisons, occupant comfort 
and thermal performance, such as weather data plotted against a neutral temperature so that adaptive 
model comfort tolerances can be illustrated.  We plot the interior and exterior air condition on the 
ASHRAE psychrometric chart to understand conditioning requirements  
Other tools calculate the ISO 7730 (Fanger) comfort model, and an adaptive model of comfort is 
provided for the interior measurements alongside an 80 – 90% comfort band. 
These tools add value to reporting data by displaying in several formats, so the researcher can 
observe and report quickly and clearly on the potential of various conditioning periods within a building.  
A case study is presented for a house in Darwin during the wet-season. 
Conference theme: Computer Science  
Keywords: Building performance, comfort, psychrometrics, animations 
 
INTRODUCTION 
Investigating building performance on-site is a growing practice in the field of architectural science requiring the 
collection of a variety of data. Of course, collecting data is only the starting point. 
 
As the history of data processing in the field is short, it is not always clear what to look for in the data and so how it 
should be processed. There is a danger of collecting data for its own sake, or to stop when a graph has been plotted 
from the data, without realising that interesting information is still hidden from view. Of course, finding such 
information by exploration is, at first, a trial and error process and only some processing techniques prove fruitful. 
 
Buildings perform in an environment, the external weather, which must always be used as a reference. External 
instrumentation is used to collect temperature, humidity, wind speed and direction, and solar radiation. Internal 
instrumentation is used to collect a range of measurements, including temperature and humidity, air changes per 
hour and thermal images. These measurements are used to calculate comfort measurements such as predicted 
mean vote (PMV) and predicted per cent dissatisfied (PPD). Presented here are several ways of displaying and 
comparing data which we have used, including comparing data on the psychrometric chart. 
 
Information gleaned from such measurements can lead to better performing buildings, either by diagnosing problems 
pointing to their solution, by suggesting better design strategies or by using the information in a dynamic way to 
control the heating, ventilation or conditioning of a building. The examples presented suggest some of these 
possibilities.  
1 EVALUATING AND ASSESSING MEASUREMENTS 
Because interior building performance is affected by the external weather conditions, interior results for a particular 
project are only meaningful in the context of on-site collected weather data.  Fifteen minute averages of wind speed, 
wind direction, solar radiation (direct and diffuse), global illuminance, air temperature, pressure and humidity are 
sampled and recorded throughout the measurement period. 
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1.1 Weather data compared with indoor air temperature 
Weather data is displayed on a chart on which is also shown a model of neutral temperature (as discussed in 
Szokolay, 2004 and Santamouris, M. 2006) with its 90% (dark grey) and 80% (light grey) comfort bands. These are 
calculated from measured data and plotted according to the adaptive model of comfort according to deDear and 
Bragger, 1998 (Figure 1).   The specific case illustrated is for a house in Darwin, Australia in the wet monsoonal 
season of February, 2006.  
 
Figure 1: Weather Data and Comfort Bands in Darwin, February 2006 
These ‘comfort bands’, derived from external weather data, set the scene for indoor comfort when occupants clothe 
themselves appropriately and have the opportunity to adjust and control their environments to some degree (i.e. 
opening windows, turning on ceiling fans, drawing shading etc.). 
In Figure 1, the exterior air conditions (RH*10, AVG_TEMP) are shown in terms of relative humidity and dry-bulb 
conditions.  The interior air temperature (INDOOR AIR) is charted alongside these values.  In this case, it is the upper 
floor living room of an elevated house, a typical design type in Darwin (Figure 2).  Figure 2 also shows the 
instrumentation set-up for this house.  The elevated house consists of a shaded heavy concrete block wall and 
concrete slab floor construction on the lower level, and a contrasting open lightweight slightly insulated construction 
on the upper level. 
Figure 1 is a traditional time-series plot, on which the comfort bands calculated from the measured data are shown.  
Showing together, on the one graph, the time series of the external air condition, the internal air temperature and the 
comfort bands provides a means of assessing the building performance over several days. It can be seen that the 
indoor air temperature fluctuates significantly and is often greater than the average outdoor temperature.  In fact the 
outdoor temperature is often more suitable, lying within the ‘comfort band’ than the indoor temperature.  On the day 
of minimum solar radiation the external temperature is perfectly within the comfort band while the interior air 
temperature remains high. 
This preliminary investigation suggests that the house could suffer one or more problems: lack of effective insulation; 
lack of proper shading; or exposure to air leakage.  The quick rise in indoor air temperature, when solar radiation is 
high, is evidence of insulation and shading problems, and failure to cool down to external air temperature, when it is 
sensible to do so, is evidence of ventilation problems.  
1.2 Visualization through smoke-testing & thermal imaging 
Figure 3 shows visual ventilation testing of the upper floor level during an investigation through the distribution of 
smoke from a generator.  Unfortunately, the visualization of smoke dispersion is a result that cannot be shown in this 
paper.  However, the results do assist in the explanation of calculated data such as the air change rates extracted 
from ventilation dosing data.  We can now observe the pathways to air leakage and make better sense of the air 
leakage causes.   
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Figure 2: The Elevated House – Darwin 
Figure 4 assists in explaining whether solar gain is the reason for higher interior air temperatures plotted in Figure 1.  
Figure 4 is a thermal image which shows a significant surface temperature rise on the façade interior.   A glazed door 
opening is shown here.  It is evident that there is a significant solar impact resulting in the overheating of the façade. 
Unfortunately, this is quite a common reality of buildings in Darwin, where the lack of shading reduces internal 
comfort. 
1.3 Plotting Interior Comfort Models  
Charting various comfort models is an outcome of further analysis.  In Figure 5 and Figure 6 the calculated results of 
both PPD (the bands) and PMV (the plotted points - ISO 7730) are charted for both the upper and lower floors of the 
elevated house (Figure 2).  A novel interpretation of the ISO model is shown in the chart where both PMV and PPD 
are shown. This ‘static’ model of comfort clearly predicts that the results would be unacceptable for occupants even 
with a minimum clothing level (0.4 CLO) as indicated on the chart. 
  
Figure 3: Smoke testing the living room Figure 4: Thermal imaging of external living room wall 
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Figure 5: ISO 7730 Comfort model for the Upper Floor Living Room in the Elevated House, Darwin 
 
Figure 6: ISO 7730 Comfort model for the Lower Floor Lounge in the Elevated House, Darwin 
There are two periods of operational conditioning shown in Figure 5 and Figure 6 to note.  The first is when the house 
is open to natural ventilation and the second when it is closed.   When the house is opened and naturally ventilated, 
the degree of comfort variation is large (see A in both figures).  When the house is locked-up and there is no 
ventilation, there are smaller swings in the comfort conditions (see B on both figures).  However, when locked up, the 
house does not enter the comfort range as much as when naturally ventilated.  
Furthermore, the degree of comfort change is much greater for the upper level of the house, where the solar 
exposure is greater, the construction lighter, and may even be leakier.  Nevertheless, there are periods where 
comfort is attained for both upper and lower levels of the house.  This is important to note and is examined later 
through an analysis of external and internal air temperatures plotted on a psychrometric chart (Figure 9).  
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Figure 7: The Adaptive Model of Comfort in the Living Room 
Since occupants are free to move in their environment and can have some control of it, it is appropriate to apply the 
‘Adaptive Model of Comfort’ (de Dear and Brager, 1998) as shown in Figure 7 (upper level) and Figure 8 (lower 
level).  Evidently, the adaptive model predicts better comfort in both spaces than the static ISO 7730 model.  In fact, 
the lower level attains an ‘acceptable’ level of comfort. 
Figure 8: The Adaptive Model of Comfort in the Lower Room 
Nevertheless, the difference of comfort between the two areas reflects the differences of construction materials, solar 
exposure, thermal mass, air leakage, ventilation, shading and so on, and challenges the design approaches used.  
The lower level of this house consists of a concrete tiled floor and concrete block walls that are shaded from solar 
radiation.  In most houses of this type, these lower rooms are left unoccupied, and yet, they offer greater potential for 
comfort. These models show that it is possible to achieve comfortable housing provided suitable designs are used 
which address the prevailing conditions offered by the environment. 
1.4 Plotting data on a Psychrometric Chart 
Plotting measured external and internal air conditions on a psychrometric chart reveals further useful information 
regarding the potential of internal air exchange with the ambient.  We begin with a comparison of the collected on-site 
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weather with that logged by the Bureau of Meteorology (Figure 9).  It is recognized here that there is quite a 
substantial difference between reported BOMA data and that which is actually measured.  Such differences and 
duration of temperature across a day can provide for substantial conditioning alterations to take place.  The plotting of 
this external air temperature clearly indicates temperatures outside the desired range of the ASHRAE thermal 
comfort zone (shown in grey).   
 
Figure 9: Total collected external air condition data and BOMA reported climate data 
Interior temperature differences, of 1–2°C in this climate, offer a major improvement in occupant comfort.  This is 
especially true when air velocity is increased and occupants have greater control over their clothing level. 
Furthermore, for each degree in temperature set-point commercial buildings can witness between an 8%–15% 
conditioning energy savings (Egan, 2010, Roussac, et al., 2010).   Similar savings could be achieved in air-
conditioning for residences. 
Another useful plot on the psychrometric chart is of the internal and external data (Figure 10).  This plot indicates that 
there is a 10°C diurnal change in the ambient as compared to a 6°C change on the interior.  A closer analysis of the 
external data indicates a distinctive period during the night time where the external temperature is 3–4°C cooler than 
the interior.  Such information can provide an opportune period for night-purging where the interior air and internal 
surfaces can be significantly cooled down.   As indicated earlier in the comfort charts (Figure 5 and Figure 6), there 
are opportune periods to open the house to natural ventilation, and just as important, to close it to isolate it from the 
external environment. 
The data on the psychrometric chart suggest that it would be possible to automate the process of purging the building 
whenever there is an advantage to do so, closing it up otherwise. Based on the data in Figure 10, a reduction of 
2.5°C is possible at the best time. Maintaining the improvement, however, depends also on properly shading, 
insulating and sealing the building. 
1.5 Simultaneous Data Animations 
Finally, a screenshot from a computer application is shown in Figure 11. The application simultaneously presents 
weather data, solar position, infra-red images and predicted comfort, synchronized in time. As the time is stepped, an 
animation is created. This example is a (different) situation, again in Darwin, where an unshaded fenestration unit 
contributes greatly to discomfort in the building.    
The animation provides a step-by-step time series result of the thermal comfort according to ISO 7730 standards, 
utilizing the PMV (predicted mean vote) and PPD (predicted percentage dissatisfied) criteria.  These are plotted 
together with a thermal imaging of the external façade as well as the weather parameters (Luther and Horan, 2009). 
So, the inputs of sun position and weather condition and the resulting infra-red images and comfort predictions can 
be seen together, allowing effects to be related to causes.  The result is improved diagnosis of building problems. 
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Figure 10: Psychrometric Chart of Interior and Exterior air condition 
 
CONCLUSION 
We have demonstrated a number of tools we use to analyse, diagnose and improve building performance. In 
particular, buildings exist in an external environment which contributes to their performance, but which could also be 
exploited. For example, comfort bands derived from the weather data, on which the indoor temperature is plotted, 
describe individual comfort (Figure 1).  
Other tools presented are analytical in nature, looking at building performance in terms of how well sealed or shaded 
a building is by smoke testing and thermal imaging section (section 1.2), or by plotting varying comfort conditions 
(section 1.3). And, in section 1.5, we have brought weather, thermal imaging, comfort and solar position together into 
a single diurnal animation. All of these tools show what happens in a given situation, allowing the user to determine 
how best to improve performance. This is important when we study a building, because its shortcomings are 
unknown to us, and we need open ended measurements and performance calculations to determine what is 
happening.  
Furthermore, the environment can be exploited if we pay attention to the conditions when plotted on a psychrometric 
chart. Figure 10 shows that there are advantages to be gained by ventilating and sealing a building when the internal 
and external conditions are "right". And, in Figure 9, we show the mean extremes of temperature and humidity in 
Darwin are a misleading description of measured behaviour throughout a day. We believe it is a problem of 
"averaging the extremes", which hides the possibilities of exploiting weather conditions in simple ways, such as 
purging the air at night. 
However, the tools we have used are not integrated, in the sense that we cannot take any source of data such as a 
comfort cart or weather station and display it with the one tool. An individual tool, perhaps implemented on a 
spreadsheet, tailored to a particular source of data, is used by cutting and pasting data into it. Eventually, it would be 
helpful to use a single tool, to which particular modules are added, that define the data formats of the different 
sources. The value here is that we may not always be aware of what to measure until confronted with the situation, 
and taking this path would allow us to add new sources of input data without starting from scratch. 
The methods in which we analyse and communicate data are often viewed as trivial and ‘non-meritable’ research.  In 
fact, the authors of this paper believe that such claims couldn’t be further from the truth.  What is often lacking in 
experiments are the outputs and findings effectively communicated to the audience.  Visual information is important 
to communicating results.   
What has been illustrated in this paper is the value-adding provided through effective plotting on graphical tools.   No 
single graphical tool can tell the full story to appreciate and diagnose the causes of poor thermal and energy 
performance.  We endeavour to continue in the pursuit of better communication of our measurements through the 
application of appropriate graphical tools. 
 
6° C 
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Figure 11: Animation of internal comfort response to external conditions. 
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